SummaryIt is not known whether hepatitis C virus (HCV) infection causes monocytes to differentiate into polarized macrophages. We showed that HCV-infected hepatoma cells or cell-free HCV induce monocyte differentiation into M2-polarized macrophages, which activate hepatic stellate cells and validated our findings in monocytes from chronic HCV patients.

Hepatitis C virus (HCV) is a prevalent pathogen worldwide and is a leading cause of morbidity and mortality. According to recent estimates, more than 185 million people are infected with HCV and more than 350,000 people die annually from HCV-related liver diseases.[@bib1], [@bib2] Extensive research has led to the development of various therapeutic drugs for the disease.[@bib3] The US Food and Drug Administration recently approved 3 new drugs: sofosbuvir (RNA polymerase inhibitor), simeprevir (protease inhibitor), and sofosbuvir plus ledipasvir (direct-acting antivirals); thus marking a new era in HCV treatment because these drugs achieve sustained virologic response rates greater than 95% in most patients with shorter treatments and minimal adverse effects.[@bib4] HCV establishes chronicity in 50%--80% of infected individuals, leading to liver inflammation and fibrosis. Clearance, persistence, and immunopathology of HCV infection depends on the interplay between the innate and adaptive immune responses in the liver.

Innate immune cells are important for recognizing HCV and influence the outcome of the viral infection.[@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10] Prolonged immune cell activation during chronic infections such as HCV and human immunodeficiency virus can drive viral replication and viral disease progression.[@bib11], [@bib12] Monocytes are attracted to the site of infection and are exposed to viral RNA and protein, which can lead to their activation.[@bib9], [@bib13], [@bib14], [@bib15] Monocytes are characterized by considerable plasticity. Monocytes traffic to sites of infection and differentiate into macrophages (MΦ) with distinct phenotypes, and also replenish the Kupffer cells in the liver.[@bib14], [@bib16], [@bib17], [@bib18] MΦs may undergo polarization into classically activated (M1) or alternatively activated (M2) phenotypes.[@bib19], [@bib20] During chronic infection, immune activation can lead to an anti-inflammatory response to limit immunopathology, which can be characterized by the presence of M2-like macrophages. M1 MΦs express CD86, major histocompatibility complex II, CD40, and CD16 molecules on their surface, whereas the CD206 (mannose receptor), Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), and CD163 (scavenger receptor) characterize the M2 signature.[@bib21], [@bib22]

Chronic HCV infection leads to progressive hepatic fibrosis, however, there is a lack of consensus on whether fibrosis is a direct consequence of the virus infection or a result of chronic hepatic inflammation.[@bib23] Although proinflammatory cytokines including tumor necrosis factor (TNF)α and interleukin (IL)1β have been implicated in the fibrosis process, anti-inflammatory transforming growth factor (TGF)-β is the most potent profibrogenic cytokine.[@bib24], [@bib25], [@bib26], [@bib27] A study by Li et al[@bib28] showed that TGF-β produced by HCV-specific intrahepatic lymphocytes (T-regulatory cells) correlated inversely with liver fibrosis. This implies the presence of yet another cellular source of TGF-β, which leads to hepatic stellate cell (HSC) activation and fibrosis in chronic HCV infection. Because of the lack of small animal models of HCV infection, in vitro culture systems have been used to study the activation and function of immune cells.[@bib29]

In this study, we evaluated changes in the phenotype and function of healthy human monocytes cultured in the presence of HCV-infected hepatoma cells or cell-free HCV. We present evidence that HCV can induce circulating monocytes to differentiate into macrophages with a mixed M1/M2 cytokine production and M2 surface marker expression. We also show that chronic presence of HCV can program monocytes and induce HSC activation via TGF-β during HCV infection. Finally, we delineated a unique population of circulating monocytes with both M2 marker and collagen expression in chronic HCV-infected patients that correlated with the presence of liver fibrosis.

Materials and Methods {#sec1}
=====================

Biological Materials and Reagents {#sec1.1}
---------------------------------

Huh7.5 cells were kindly provided by Dr Charles Rice (Rockefeller University, New York, NY) and were maintained in low-glucose Dulbecco's modified Eagle medium containing 10% fetal bovine serum (Hyclone, Logan, UT), 10 μg/mL ciprofloxacin, and supplemented with nonessential amino acids (NEAA) (Gibco, Grand Island, NY). The Japanese fulminant hepatitis-1 (JFH-1) (HCV) construct was provided by Dr Takaji Wakita (National Institute of Infectious Diseases, Tokyo, Japan). In vitro synthesized JFH-1 RNA constructs were transfected and JFH-1 virus stock were produced as previously described.[@bib30] HCV viral supernatants were collected from Huh7.5 cells highly infected with JFH-1 cell culture--derived HCV particles and determined by flow cytometry.[@bib30] The supernatant was passed through 0.22-μm filters and was concentrated 20--30 times using an Amicon Ultra-15 100K centrifugal filter unit, and virus stock was preserved at -80°C (Millipore, Billerica, MA).[@bib30] Uninfected Huh7.5 cell supernatant was collected, concentrated, and was used as controls. Human liver biopsy specimens evaluated from 12 patients with chronic HCV ([Supplementary Table 1](#tblS1){ref-type="table"}) and 11 controls were received as anonymized samples by the National Institutes of Health--Funded Liver Tissue Procurement and Cell Distribution System. Human peripheral blood was collected from healthy donors and HCV-infected patients ([Supplementary Table 2](#tblS2){ref-type="table"}) with approval from the Institutional Review Board for the Protection of Human Subjects in Research at the University of Massachusetts Medical School with written informed consent. All authors had access to the study and reviewed and approved the final manuscript.

Dulbecco's modified Eagle medium and RPMI 1640 cell culture media, antibiotics, and NEAA were purchased from Gibco. Recombinant TGF-β was purchased from Peprotech (Rocky Hill, NJ). Human (latency associated peptide) TGF-β1 antibody and mouse IgG1 isotype control were purchased from R&D Systems (Minneapolis, MN). Human antibodies (CD16 Allophycocyanin \[APC\], CD14 fluorescein isothiocyanate \[FITC\], CD40 FITC, and CD86 Phycoerythrin \[PE\]) were purchased from eBioscience (San Diego, CA), and CD14 APC, CD14 PE, CD163 PE, CD11c APC, CD68 PE, CD206 APC, DC-SIGN-FITC, CD45 PE, CD14 PE-Cy7, and isotype control antibodies were purchased from BD Pharmingen (Franklin Lakes, NJ). α-Smooth muscle actin (α-SMA) antibody, CD68 antibody, CD206 antibody, and FITC-conjugated donkey anti-rabbit IgG were purchased from Abcam (Cambridge, MA).

Human Monocyte Isolation and Co-culture Experiments {#sec1.2}
---------------------------------------------------

Human peripheral blood was collected from healthy donors, monocytes were isolated to more than 95% purity from peripheral blood mononuclear cells (PBMCs) by using CD14 microbeads, an MS Column, and a MiniMACS separator (Miltenyi Biotec, Inc, San Diego, CA), and were confirmed by flow cytometry ([Supplementary Figure 1](#figS1){ref-type="fig"}). Monocytes were cultured in RPMI 1640 medium (Gibco), supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin, and NEAA as described previously.[@bib15] Informed consent was obtained and approved by the Institutional Review Board for the Protection of Human Subjects in Research at the University of Massachusetts Medical School. Huh7.5 or Huh7.5/JFH-1 cells (48 hours after infection) were plated on 12-well plates (2.5 × 10^5^ cells/well) and co-cultured with monocytes (5 × 10^5^ cells) in a 37°C, 5% CO~2~ incubator for 7 days. Monocytes were treated with HCV concentrate and Huh7.5 concentrate for 7 days. Supernatants, cells, and RNA were collected from all these experiments at the indicated time points and surface markers and cytokine expression were studied. To study stellate cell activation, the HSC cell line LX2 (2 × 10^5^ cells/well) was cultured in the presence of supernatant obtained from 7-day (monocyte-Huh7.5/JFH-1) co-culture experiments and the profibrogenic gene and protein expressions were evaluated.

Enzyme-Linked Immunosorbent Assay {#sec1.3}
---------------------------------

Levels of TNFα and IL1β were quantified in cell culture supernatant using commercially available enzyme-linked immunosorbent assay kits from BD Biosciences (Franklin Lakes, NJ). Enzyme-linked immunosorbent assay kits from eBioscience were used to measure IL10 and TGF-β in the cell culture supernatant.

RNA Extraction and Quantification {#sec1.4}
---------------------------------

RNA was extracted using the RNeasy Mini kit (Qiagen, Valencia, CA) and 2-step real-time polymerase chain reaction as described previously[@bib30] using primers described in [Supplementary Table 3](#tblS3){ref-type="table"}. The level of the target gene expression was measured by the ΔΔCt method using the ratio of the fold-change in target gene expression vs the fold-change in reference gene expression (glyceraldehyde-3-phosphate dehydrogenase or 18S ribosomal RNA).

Flow Cytometry {#sec1.5}
--------------

To analyze cell surface marker expression, monocytes were immunostained for 30 minutes at 4°C by using appropriate antibody or isotype control as described previously.[@bib30] Monocytes were identified on the basis of CD14 expression, and the expression of other cell surface markers was analyzed on CD14^+^ cells. For intracellular detection of α-SMA, LX2 cells were fixed with 1% paraformaldehyde, permeabilized with 1% Tween 20, and stained with α-SMA antibody.[@bib31] Data acquisition was performed on a BD-LSR II (BD Biosciences, San Diego, CA), and the data were analyzed with FlowJo software (Tree Star, Ashland, OR). We determined the mean fluorescence intensity (MFI) for the gated positive population for each of the respective monocyte/macrophage markers.

Amnis Flowsight (EMD Millipore, Billerica, MA), which combines flow cytometry with real-time confocal imaging, was used for studying the expression of collagen in monocytes. Briefly, CD14 monocytes were isolated from both healthy controls and HCV-infected patients\' peripheral blood. Approximately 10^5^ cells were suspended in buffer containing Fc receptor-blocking agent (Miltenyi Biotec, Inc). Cells then were stained with 4′,6-diamidino-2-phenylindole, anti-CD45 PE, anti-CD206 APC, and anti-CD14 PE-Cy7, and then washed, fixed, and permeabilized with the CytoFix/cytoperm kit (BD Pharmingen). Cells then were incubated with rat-anti-human pro-Col-Iα or isotype control, washed, and finally stained with FITC-conjugated secondary antibody. The samples were acquired on the Amnis Flowsight, and analysis of the data was performed with IDEAS software (EMD Millipore, Seattle, WA).

Western Blot Analysis {#sec1.6}
---------------------

Western Blot analysis was performed for CD68, CD206, and β-actin as previously described.[@bib32]

Statistical Analysis {#sec1.7}
--------------------

All values are expressed as means ± SEM obtained from 3 or more independent experiments. The Student *t* test and 1-way or 2-way analysis of variance test was used to compare means of multiple groups. A *P* value less than .05 was considered statistically significant. GraphPad Prism software (La Jolla, CA) was used for statistical analysis.

Results {#sec2}
=======

HCV-Infected Hepatoma Cells Induce Differentiation of Monocytes Into Polarized Macrophages {#sec2.1}
------------------------------------------------------------------------------------------

Monocytes play important roles in inflammatory and innate immune responses during HCV infection.[@bib33], [@bib34] Monocytes from HCV-infected patients express TNFα on exposure to HCV proteins and show hyper-responsiveness to Toll-like receptor 2 and 4 ligands.[@bib15], [@bib35] Monocytes are highly plastic and home to tissues where they differentiate to macrophages in response to the local environment. To test the hypothesis that HCV infection can lead to monocyte differentiation into macrophages, we performed in vitro co-cultures of HCV-naive healthy monocytes with HCV-infected Huh7.5/JFH-1 cells. We observed that exposure to Huh7.5/JFH-1 cells for 7 days induced monocyte differentiation into MΦs characterized by increased CD14, CD68, and CD11c expression compared with cells co-cultured with control Huh7.5 cells ([Figure 1](#fig1){ref-type="fig"}*A* and [Supplementary Figure 2](#figS2){ref-type="fig"}). The MFI of CD14, CD68, and CD11c also was increased in HCV MΦ compared with controls, indicating the MΦ phenotype ([Figure 1](#fig1){ref-type="fig"}*B*).

Next, we sought to identify the phenotype of the HCV MΦ. MΦs generated from monocytes in the presence of granulocyte-macrophage colony--stimulating factor or a combination of interferon-γ plus lipopolysaccharide were positive controls for M1 MΦs (classically activated) that had significantly increased expression of CD16, CD40, and CD86 ([Supplementary Figure 3](#figS3){ref-type="fig"}*A* and *B*). Macrophage colony--stimulating factor-- or IL4-induced M2 MΦs (alternatively activated) had high CD206, CD163, and DC-SIGN expressions[@bib36], [@bib37] ([Supplementary Figure 3](#figS3){ref-type="fig"}*A* and *C*). However, we also observed CD40 and DC-SIGN expression in both M1- and M2-positive controls, indicating that some of the markers are expressed under both polarizing conditions. HCV MΦ showed increased expression of M2 markers (CD206, CD163, and DC-SIGN) and no significant change in the expression of M1 markers (CD16, CD40, and CD86) compared with monocytes co-cultured with Huh7.5 cells ([Figure 1](#fig1){ref-type="fig"}*C--F*). These results suggest that HCV-infected hepatoma cells promote monocyte differentiation into MΦ with predominant M2 MΦ marker expression.

Monocytes Co-cultured With HCV-Infected Hepatoma Cells Results in Production of Both M1 and M2 Polarizing Cytokines {#sec2.2}
-------------------------------------------------------------------------------------------------------------------

Next, we evaluated the cytokine secretion pattern of monocytes co-cultured with HCV-infected hepatoma cells. We observed that monocytes co-cultured with Huh7.5/JFH-1 cells secreted TNFα and IL1β by day 3, which was sustained even on day 7 ([Figure 2](#fig2){ref-type="fig"}*A* and *B*). However, monocyte secretion of the M2-polarizing cytokines, IL10 and TGF-β, also significantly increased in the presence of Huh7.5/JFH-1 cells over time, peaking on day 7 ([Figure 2](#fig2){ref-type="fig"}*C* and *D*). Huh7.5 cells alone secreted negligible levels of these cytokines regardless of HCV infection ([Supplementary Figure 4](#figS4){ref-type="fig"}). These results showed that monocytes co-cultured in the presence of Huh7.5/JFH-1 cells secreted both proinflammatory and anti-inflammatory cytokines ([Figure 2](#fig2){ref-type="fig"}).

Despite the increased expression of M1-polarizing cytokines, TNFα and IL1β, we observed an increase in the M2 MΦ markers on the HCV MΦ ([Figure 1](#fig1){ref-type="fig"}). This led us to assess whether proinflammatory cytokines induced in the early phase of monocyte-Huh7.5/JFH-1 co-culture could contribute to the anti-inflammatory response characterized by TGF-β production. IL1β regulates TGF-β signaling in human kidney epithelial cells where prolonged IL1 stimulation (or chronic inflammation) leads to enhanced TGF-β signaling.[@bib38] We found that addition of various doses of IL1--receptor antagonist (IL1RA), anakinra, to co-cultures of monocytes with HCV-infected hepatoma cells attenuated the HCV-induced M2-like MΦ phenotype ([Figure 3](#fig3){ref-type="fig"}). Secretion of IL1β was reduced in a dose-dependent manner in monocytes cultured with Huh7.5/JFH-1 cells in the presence of IL1RA ([Figure 3](#fig3){ref-type="fig"}*A*). That was expected given the autoregulatory feedback loop of IL1 production.[@bib39] Importantly, IL1RA treatment inhibited secretion of TGF-β, but not IL10, in the monocyte-Huh7.5/JFH-1 co-cultures ([Figure 3](#fig3){ref-type="fig"}*B* and *C*). Furthermore, when we evaluated the expression of M2 MΦ markers on IL1RA-treated co-cultures of monocytes with Huh7.5/JFH-1, we observed an attenuation of CD206, CD163, and DC-SIGN expression ([Figure 3](#fig3){ref-type="fig"}*D--F*). The levels of DC-SIGN were decreased to a greater extent compared with CD206 and CD163 expression, which suggests that inhibiting IL1 does not completely abolish M2--MΦ polarization. Thus, these results showed that the induction of IL1β in the presence of HCV-infected hepatoma cells promoted monocyte differentiation into TGF-β producing MΦ.

TGF-β Released by HCV MΦ Leads to Hepatic Stellate Cell Activation {#sec2.3}
------------------------------------------------------------------

To assess the functional role of these HCV MΦs, we asked whether they could induce HSC activation. LX2, a human HSC line, was treated with the supernatants collected from the 7-day monocyte-Huh7.5/JFH-1 co-culture experiments. We studied the expression of collagen (COL)1A, tissue inhibitor of metalloproteinase (TIMP)1, and α-SMA messenger RNA (mRNA) and observed significant increases at day 6 ([Figure 4](#fig4){ref-type="fig"}*A--C*). TGF-β, as a positive control, increased mRNA levels of COL1A, TIMP1, and α-SMA in LX2 cells. Supernatants of Huh7.5/JFH-1 cells (without monocytes) resulted in a minimal increase in COL1A, TIMP1, and α-SMA mRNA expression in LX2 cells, suggesting that HCV-infected hepatoma cells do not directly activate LX2 cells. We also measured the levels of α-SMA protein in HSCs treated with supernatants from the monocyte Huh7.5/JFH-1 and observed increased α-SMA, which was comparable with TGF-β--treated LX2 cells ([Figure 4](#fig4){ref-type="fig"}*D*).

Because TGF-β levels were increased in the 7-day co-cultures of monocyte Huh7.5/JFH-1, we studied the effect of TGF-β neutralization on LX2 activation. We observed that the profibrotic effect of the supernatants derived from the monocyte-Huh7.5/JFH-1 co-cultures was prevented by TGF-β neutralization ([Figure 4](#fig4){ref-type="fig"}*E--G*). LX2 cells pretreated with anti--TGF-β--neutralizing antibodies and cultured in the presence of monocyte-Huh7.5/JFH-1 co-culture supernatant had decreased α-SMA protein levels compared with control IgG1-treated LX2 cells ([Figure 4](#fig4){ref-type="fig"}*H*). These results showed that TGF-β released from HCV MΦs leads to HSC activation.

Monocyte to Macrophage Differentiation Is Induced by Cell-Free HCV and Does Not Require Cell--Cell Contact {#sec2.4}
----------------------------------------------------------------------------------------------------------

Next, we performed experiments to evaluate whether cell-free HCV can have similar effects on monocyte activation as observed in the presence of HCV-infected hepatoma cells. Because JFH-1--infected Huh7.5 cells release HCV into the culture supernatant we tested effects of cell-free HCV on monocytes.[@bib40] Similar to HCV-infected hepatoma cells, the addition of isolated HCV directly to monocytes increased CD14, CD68, CD206, and CD163 expression and changed monocyte morphology over a 7-day period ([Figure 5](#fig5){ref-type="fig"}*A--D* and [Supplementary Figure 5](#figS5){ref-type="fig"}*A* and *B*). TNFα and IL1β production increased in monocytes cultured with HCV, and a time-dependent increase in IL10 and TGF-β levels suggested that cell-free HCV can induce the monocyte to MΦ differentiation ([Figure 5](#fig5){ref-type="fig"}*E--H*). Collectively, these results showed that without cell--cell contact, cell-free HCV robustly and directly influenced monocyte differentiation into MΦs that expressed M2 surface markers and a mixed M1/M2 cytokine secretion pattern.

M2 MΦ Markers Are Expressed on Circulating Monocytes in the Blood and in the Liver in Chronic HCV-Infected Patients {#sec2.5}
-------------------------------------------------------------------------------------------------------------------

Our in vitro results showed the role of HCV in mediating monocyte differentiation to MΦs. During chronic HCV infection, monocytes continuously are exposed to HCV and viral RNA/protein in circulation.[@bib35] Thus, we wanted to evaluate the phenotype of chronic HCV patients' monocytes based on expression of M1 (CD40, CD86) and M2 (CD206, CD163) markers. We found a significantly increased percentage of M2 marker CD206 expression in HCV-infected patients compared with controls ([Figure 6](#fig6){ref-type="fig"}*A*). Expression of M1 marker CD40 and M2 marker CD163 were not increased significantly as compared with controls ([Figure 6](#fig6){ref-type="fig"}*A*). There was no change in the percentage of CD14^+^CD86^+^ cells in the patient vs control group ([Figure 6](#fig6){ref-type="fig"}*A*). The MFI of CD40, CD206, and CD163 increased, but that of CD86 decreased in the HCV-infected group as compared with controls ([Supplementary Figure 6](#figS6){ref-type="fig"}). Next, we performed a correlation analysis between the percentage of CD14^+^CD206^+^ circulating monocytes with the extent of liver fibrosis (Metavir score) in patients with HCV infection. As shown in [Figure 6](#fig6){ref-type="fig"}*B*, Spearman analysis showed a positive correlation of CD14^+^CD206^+^ circulating monocyte percentage with the fibrosis score (r = 0.839; *P* \< .0001).

Next, we evaluated the expression of MΦ markers in the livers of HCV-infected patients. Previous studies have shown increased number and activation of MΦs in the liver in chronic HCV infection.[@bib15], [@bib35] We found increased levels of M2 MΦ markers; CD206, IL10, and TGF-β mRNA in the HCV-infected liver were observed as compared with controls ([Figure 6](#fig6){ref-type="fig"}*C*). We also observed that the MΦ marker, CD68, was up-regulated along with increased mRNA expression of M1 MΦ markers, TNFα and IL1β, compared with control livers ([Figure 6](#fig6){ref-type="fig"}*D*). There was a significant increase in the protein expression of MΦ markers, CD68 and CD206, in the liver of HCV-infected patients as compared with controls ([Figure 6](#fig6){ref-type="fig"}*E* and *F*). Together, these results showed that the frequency and expression of M2 MΦ markers was increased in circulating monocytes and the expression of these markers also was increased in the liver of HCV-infected patients.

HCV Infection Leads to Generation of Collagen-Expressing Monocytes In Vivo and In Vitro {#sec2.6}
---------------------------------------------------------------------------------------

The presence of monocytes expressing M2-MΦ markers prompted us to further investigate the characteristics of these circulating monocytes. Previous studies indicated that CD14^+^ peripheral blood monocytes can differentiate into cells that express collagen, which are attracted to the sites of tissue injury and mediate tissue repair and fibrosis.[@bib41], [@bib42] Here, we found increased mRNA levels of collagen (COL1A) in the monocytes co-cultured with Huh7.5/JFH-1 cells ([Figure 7](#fig7){ref-type="fig"}*A*). To determine the in vivo relevance of this finding, we next tested collagen expression in the PBMCs of HCV-infected patients. There was a significant increase in the mRNA levels of COL1A in PBMCs in HCV-infected patients as compared with healthy controls ([Figure 7](#fig7){ref-type="fig"}*B*).

We found a significantly increased number of CD14^+^ monocytes expressing procollagen 1α in HCV-infected patients compared with controls ([Figure 7](#fig7){ref-type="fig"}*C*). Procollagen 1α is packaged in the Golgi bodies and undergoes post-translational modification before it is secreted from a cell.[@bib43] Because monocytes from the HCV-infected patients also showed an M2 phenotype we studied the co-expression of pro-Col1α and CD206 in CD14^+^ monocytes. We observed that 10%--15% of monocytes that expressed collagen also expressed CD206 in monocytes from HCV-infected patients, which was approximately 0.4% of the total circulating cells, although there was no collagen expression in monocytes from controls ([Figure 7](#fig7){ref-type="fig"}*D* and *E*). Finally, to visualize the presence of collagen in monocytes from HCV-infected patients we used Amnis image stream technology (Amnis Flowsight). We observed that circulating monocytes from HCV-infected patients expressed pro-Col1α but not from healthy controls ([Figure 7](#fig7){ref-type="fig"}*G* and *H*). We also found observed co-localization of pro-Col1α and CD206 on CD14^+^ monocytes from HCV-infected patients ([Figure 7](#fig7){ref-type="fig"}*I*). These results showed that during HCV infection, collagen-producing CD14^+^ monocytes are present in the circulation in vivo and may contribute to liver fibrogenesis.

Discussion {#sec3}
==========

Innate immune responses play a critical role in the control and resolution of acute HCV infection and contribute to chronic inflammation and liver fibrosis.[@bib5], [@bib44] The mechanisms by which HCV-infected hepatocytes affect circulating monocytes and liver MΦs and the effects of HCV on monocyte differentiation are only partially understood. Because of the lack of animal models of HCV infection, most of the studies are performed in vitro using the well-established HCV infection culture system.[@bib29], [@bib40] By using co-cultures of human monocytes and HCV-infected hepatoma cells or cell-free HCV we showed that HCV induced differentiation of monocytes to MΦ with mixed M1/M2 cytokine production and M2-polarized surface marker expression. Our data indicated that M2-MΦ--derived TGF-β acted as a mediator of HSC activation and fibrosis. We also found increased frequency of circulating monocytes expressing M2 marker in the blood of chronic HCV-infected patients and identified CD14^+^CD206^+^collagen^+^ monocytes in the circulation that correlated positively with liver fibrosis in HCV-infected patients.

Peripheral blood monocytes constantly enter the liver where they interact with HCV-infected hepatocytes, cell-free virus, and replenish liver MΦs.[@bib35] Experimental animal models of liver diseases have shown that the disease pathogenesis is mediated partially by Kupffer cells, but largely is dependent on the recruitment of monocytes into the injured and inflamed liver.[@bib45] Thus, in this study we performed co-culture experiments to understand the effect of HCV-infected hepatoma cells on the phenotype and function of monocytes. Consistent with previous studies that showed activation of Kupffer cells, monocytes, and MΦs in chronic HCV infection, we found increased activation and production of cytokines by monocytes exposed to HCV.[@bib15], [@bib46] Our studies showed that HCV-infected hepatoma cells triggered monocytes to differentiate into a MΦ phenotype (CD14^high^, CD68^high^, CD11c^high^) with increased M2-marker (CD206^+^, CD163^+^, DC-SIGN^+^) expression.

In patients with viral hepatitis, increased numbers of Kupffer cells (CD14^+^CD68^+^) are found around the region of damage and fibrosis that has been associated with liver injury.[@bib45] A detailed study from liver tissues obtained from nonviral hepatitis patients showed that a specific monocyte population accumulated within the liver, which had high phagocytic activity and released both inflammatory and profibrogenic cytokines.[@bib14] Thus, it is likely that the chronic presence of virus in the circulation and in the liver during HCV infection may trigger accumulation of recruited monocytes and alter the phenotype of the resident MΦs in the liver. Persistent inflammation generally is accompanied by negative feedback mechanisms, and during chronic viral infections M2 MΦs showing potent anti-inflammatory, wound healing, and fibrotic capacity may accumulate in the liver.[@bib45], [@bib47] Although M2 MΦ are essential to restore homeostasis in acute inflammation, they also produce growth factors and cytokines, including TGF-β1 and platelet-derived growth factors, which stimulate fibroblasts.[@bib48] Our results support a model in which chronic HCV presence leads to activation of profibrotic MΦs. We found that HCV-infected hepatoma cells triggered early induction of proinflammatory cytokines (TNFα and IL1β) whereas TGF-β and IL10 were predominant in the late cytokine response. Although production of anti-inflammatory cytokines (IL10, TGF-β) is a component of the natural evolution of late-phase inflammation, the results from our experiments using IL1RA, anakinra, indicate that the early induction of IL1β contributes to increased TGF-β production in HCV-induced MΦ. Further, anakinra inhibited production of TGF-β and not IL10, which in turn led to decreased expression of M2 markers on the monocytes co-cultured with Huh7.5/JFH-1. This suggested the direct role of TGF-β in inducing monocyte differentiation and/or macrophage polarization during HCV infection. This indicates an autoregulatory loop by which HCV skews innate immune response to its advantage. IL1β is a profibrotic mediator in liver and lung fibrosis whereas TGF-β signaling plays a pivotal role in cellular responses by promoting cell proliferation, differentiation, and apoptosis.[@bib23], [@bib25], [@bib43] HCV-infected patients express high levels of TGF-β in serum and liver, which correlates with the degree of fibrosis.[@bib23] Expression of HSC activation markers, COL1A, TIMP-1, and α-SMA, in LX2 cells was decreased with TGF-β inhibition in monocyte and Huh7.5/JFH-1 co-culture supernatants. Further experiments with primary HSCs could validate our finding with LX2 cells on the effects of monocyte polarization during HCV infection on HSC activation.

The effects of the HCV-infected hepatoma cells as well as cell-free virus on the monocyte phenotype and function were observed in an in vitro culture system, however, this may not entirely mimic the complex environment of the liver where the phenotype of the monocyte/MΦs are influenced by the presence of other immune and nonimmune cells. The limitation of our study was that it characterized functions of circulating monocytes that should be interpreted carefully regarding the function of monocytes in the HCV-infected liver. Nonetheless, our in vivo results underscore the importance of the in vitro findings because we show that during HCV infection there is a significant increase in the expression of CD14^+^ monocytes expressing the M2 marker CD206. This increase in the M2 marker expressing monocytes correlated positively with liver fibrosis in the HCV-infected patients. The mRNA and protein expression suggested the presence of M2 MΦs in HCV-infected livers. Thus, these in vivo results further underscore the role of HCV in influencing monocyte differentiation and polarization.

CD14^+^ monocytes are precursors not only for MΦs, but also for fibrocytes.[@bib41] Fibrocytes have features of both MΦs and fibroblasts and express markers of both hematopoietic cells (CD34, CD43, CD45, Lymphocyte-specific protein 1, major histocompatibility complex class II) and stromal cells (collagen I and III).[@bib41], [@bib42], [@bib49] In addition, a population of CD45^+^/CD14^+^/Col-I^+^ monocytes also has been described in the circulation of patients with systemic sclerosis.[@bib50] Although monocytes give rise to fibrocytes, the expression of CD14 on fibrocytes is controversial and thus, the term *fibrocytes* is used for the cells that are CD14^-^, whereas CD14^+^ cells are referred to as *collagen-producing monocytes*.[@bib50], [@bib51] Increased numbers of fibrocytes are reported in diseases characterized by chronic inflammation; animal models also have implicated fibrocytes in the development of tissue fibrosis involving lungs, liver, heart, and kidney.[@bib42], [@bib52], [@bib53] Collagen-producing monocytes are detected in the circulation and the lungs of systemic sclerosis--interstitial lung disease patients and are important in the progression of lung fibrosis.[@bib51] Nunnari et al[@bib54] showed the correlation of circulating fibrocytes CD45^+^/CD34^+^/Col-I^+^ with liver fibrosis in chronic HCV patients. We detected collagen-producing monocytes in the blood of chronic HCV patients, but not in healthy subjects. We also showed that a significant percentage of collagen-producing monocytes from HCV-infected patients also expressed the M2 marker CD206. This suggested that, first, during HCV infection, some monocytes acquire a profibrotic characteristic and the frequency of profibrotic monocytes is increased in the circulation compared with normal controls. Second, in HCV-infected patients, the collagen-producing CD14^+^ monocytes comprised a fraction of the circulating M2 monocyte population of chronic HCV-infected patients, which could function as a biomarker. Our results also suggested that the presence of M2 markers in the liver and blood during chronic HCV infection positively correlated with liver fibrosis in HCV-infected patients. In the present study, we analyzed a small number of HCV-infected patients, thus it is important to screen for these markers in a larger cohort of patients at different stages of liver fibrosis to establish CD14^+^CD206^+^ cells as potential biomarkers of fibrosis.

In summary, our data show a new aspect of HCV and host interactions in which HCV-infected hepatocytes promote monocyte differentiation into MΦs with a mixed M1/M2 cytokine profile and M2 surface phenotype. We found that HCV-mediated monocyte differentiation leads to a MΦ phenotype that is profibrotic, with characteristics of M2 (alternatively activated) MΦs, leading to HSC activation. Furthermore, our results suggest that the circulating monocyte phenotype from HCV patients can act as a marker for liver fibrosis in chronic hepatitis C infection.

Supplementary Material {#appsec1}
======================

Supplementary Figure 1**Purification of CD14+ monocytes from human PBMCs.** Monocytes were isolated from human PBMCs using CD14 microbeads, an MS Column, and a MiniMACS separator. (*A*) PBMCs and (*B*) monocytes after isolation were stained with CD14-APC antibody. Representative *dot plots* and *histograms* are shown.Supplementary Figure 2**Monocytes differentiate into macrophages in the presence of Huh7.5/JFH-1 cells.** Monocytes were isolated from healthy donors and were co-cultured with Huh7.5 cells with or without JFH-1 infection. After 7 days of culture, photographs of the cells were taken with a Nikon DS-QiMc (Nikon Instruments Inc, Melville, NY) camera attached to a Nikon Eclipse TS100 microscope at 40× magnification. The experiments were repeated 8--10 times and representative images of the co-culture conditions have been shown.Supplementary Figure 3**Expression of M1 and M2 markers on monocytes differentiated in the presence of various M1 and M2 polarizing agents.** Monocytes were cultured in the presence of macrophage colony--stimulating factor (M-CSF) (50 ng/mL) or granulocyte-macrophage colony--stimulating factor (GM-CSF) (50 ng/mL) for 7 days or were cultured in the presence of M-CSF for 6 days and then treated with interferon (IFN)γ (20 ng/mL) + lipopolysaccharide (LPS) (100 ng/mL) or IL4 (20 ng/mL) for 18 hours to generate M1 and M2 MΦs, respectively. The cells were harvested and the phenotypic characteristics were evaluated by flow cytometry. (*A*--*C*) The expression levels of the MΦ markers in terms of MFI are shown for different co-culture conditions. The *bar graphs* represent the levels of (*A*) CD14, CD68, and CD11c, (*B*) M1 markers (CD16, CD40, and CD86), and (*C*) M2 markers (CD206, CD163, and DC-SIGN). Results are expressed as means ± SEM, n = 8--10. (*A*--*C*) \**P* ≤ .05, \*\**P* ≤ .01, and \*\*\**P* ≤ .001 compared with medium control. All *P* values were determined by 1-way analysis of variance.Supplementary Figure 4**Cytokine secretion by HCV-infected Huh7.5 cells was comparable with uninfected Huh7.5 cells.** Huh7.5 cells were either infected with JFH-1 or left uninfected. Culture supernatant was collected after 7 days and TNFα, IL1β, IL10, and TGF-β levels were determined by enzyme-linked immunosorbent assay. The data are represented as means ± SEM, n = 4. The *P* values were determined by an unpaired *t* test.Supplementary Figure 5**HCV induces monocyte differentiation into macrophages.** Monocytes were isolated from healthy donors and cultured alone or with Huh or HCV concentrate for 7 days. (*A*) Photographs of the cells were taken with a Nikon DS-QiMc camera attached to a Nikon Eclipse TS100 microscope at a magnification of 20×. A representative image is shown. (*B*) Representative histogram plots of CD14, CD68, CD206, and CD163 on monocytes alone and cells treated with Huh concentrate or viral concentrate.Supplementary Figure 6**M2-macrophage markers are up-regulated on circulating monocytes.** CD14^+^ monocytes from healthy controls and HCV-infected patients were immunophenotyped by flow cytometry for CD40, CD86, CD206, and CD163. The representative histogram plots and the MFI are shown.Supplementary Table 1Clinical Characteristics of the HCV-Infected PatientsSerial numberGenotypeViral load, *log IU/mL*Fibrosis stage11a5.13Grade 4/42NA4.01Grade 4/43NA6.95Grade 1/44NA5.71Grade 4/4536.86Grade 4/46NA2.84Grade 4/47NANAGrade 3/48NA5.50Grade 4/49NANAGrade 4/410NA5.46Grade 4/411NA3.11Grade 4/412NA5.68NA[^1]Supplementary Table 2Clinical Characteristics of the HCV-Infected PatientsSerial numberGenotypeViral load, *log IU/mL*Fibrosis stage12b6.40Grade 0/421a6.61Grade 2/431a5.71Grade 1/441b5.72Grade 2/451a4.69Grade 0/461b5.79Grade 1/473a6.12Grade 3/481a6.71Grade 0/491a5.06Grade 0/4101a6.07Grade 2/4111a5.73Grade 1/4121a6.51Grade 2/4132b6.55Grade 2/4141a7.92Grade 4/4151a6.5Grade 1/4163a6.12Grade 2/4171a5.71Grade 1/4183a5.93Grade 3/4191a6.61Grade 2/4201b4.6Grade 3/4211a1.2Grade 2/4221b6.03Grade 3/4232b6.6Grade 0/4243a5.93Grade 2425NA2.56Grade 0/4261a7Grade 1/4[^2]Supplementary Table 3Primer Sequences Used for Real-Time Polymerase Chain Reaction AnalysisGene symbolForward primer (5\'-3\')Reverse primer (5\'-3\')*GAPDH*GAAGGTGAAGGTCGGAGTCGAAGATGGTGATGGGATTTC*18s*GTAACCCGTTGAACCCCATTCCATCCAATCGGTAGTAGCG*CD68*GAACCCCAACAAAACCAAGATGAGAGGCAGCAAGAT*IL1β*ATGATGGCTTATTACAGTGGCAAGTCGGAGATTCGTAGCTGGA*TNFα*ATCTTCTCGAACCCCGAGTGACGGTTCAGCCACTGGAGCT*IL10*ATGCCCCAAGCTGAGAACCAAGACCCATCTCAAGGGGCTGGGTCAGCTATCCCA*TGF-β*CACCGGAGTTGTGCGGCAGTGGCCGGTAGTGAACCCGTTGAT*CD206*ACAAAAGCTGACACAAGGAAGATGTCAGGAGGATCACAATGATGACTAC*COL-1A*GGCGGCCAGGGCTCCGACAATTCCTGGTCTGGGGCACC*TIMP1*CACCCACAGACGGCCTTCTTCTGGTGTCCCCACGAACTT*α-SMA*CTGTTCCAGCCATCCTTCATCGGCTTCATCGTATTCCTGT[^3]
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![**Long-term co-culture of healthy human monocytes with HCV-infected hepatoma cells leads to monocyte differentiation into macrophages characterized with increased expression of M2 markers.** Huh7.5 cells or Huh7.5/JFH-1 cells were co-cultured with monocytes obtained from healthy donors for 7 days. The cells were harvested and the phenotypic characteristics of monocytes after 7 days of co-culture were evaluated by flow cytometry. The *dot plots* show the expression of (*A*) MΦ markers (CD14, CD68, and CD11c), (*C*) M1 MΦ markers (CD16, CD40, and CD86), and (*E*) M2 MΦ markers (CD206, CD163, and DC-SIGN). The data are representative of 8--10 independent experiments. The expression levels of the MΦ markers in terms of MFI are shown for different co-culture conditions. The *bar graphs* represent the levels of (*B*) CD14, CD68, and CD11c, (*D*) M1 markers CD16, CD40, and CD86, and (*F*) M2 markers CD206, CD163, and DC-SIGN. Results are expressed as means ± SEM (N = 8--10). (*B*, *D*, and *F*) \**P* ≤ .05 and \*\**P* ≤ .01 compared with medium control. ^\#^*P* ≤ .05 compared with Huh7.5 co-culture. All *P* values were determined by 1-way analysis of variance.](gr1){#fig1}

![**HCV-induced M2-like macrophages secrete proinflammatory and anti-inflammatory cytokines.** Monocytes obtained from healthy donors were co-cultured with or without Huh7.5 or Huh7.5/JFH-1 cells for 7 days. Cell culture supernatant was collected on days 3 and 7 of the experiment and enzyme-linked immunosorbent assay was performed for (*A*) TNFα, (*B*) IL1β, (*C*) IL10, and (*D*) TGF-β. Results are expressed as means ± SEM (n = 4--7; \**P* ≤ .05, \*\*\**P* ≤ .001, and \*\*\*\**P* ≤ .0001). All *P* values were determined by 2-way analysis of variance.](gr2){#fig2}

![**IL1-receptor antagonist, anakinra, inhibits TGF-β secretion in monocytes co-cultured with HCV-infected hepatoma cells.** Monocytes were co-cultured with Huh7.5 or Huh7.5/JFH-1 cells in the presence of anakinra (1--100 μg/mL) for 7 days. Culture supernatants were collected and assayed for (*A*) IL1β, (*B*) TGF-β, and (*C*) IL10. Flow cytometry analysis of the M2 markers (*D*) CD206, (*E*) CD163, and (*F*) DC-SIGN also were performed on the monocytes from the co-cultures. Results are represented as means ± SEM from 3--7 independent experiments. \**P* ≤ .05, \*\**P* ≤ .01, \*\*\**P* ≤ .001, and \*\*\*\**P* ≤ .0001. All *P* values were determined by 2-way analysis of variance.](gr3){#fig3}

![**TGF-β secreted from HCV-educated monocytes mediates profibrogenic effects on HSCs.** LX2 cells were cultured for 6 days in the presence of supernatant obtained from a 7-day monocyte (Mo)-Huh7.5 or Huh7.5/JFH-1 co-culture experiment. LX2 cells also were treated with supernatant from Huh7.5 or Huh7.5/JFH-1 cells. LX2 cells also were treated with or without TGF-β (2.5 ng/mL). Total RNA was isolated, complementary DNA was transcribed, and real-time polymerase chain reaction was performed. Relative mRNA expression of (*A*) COL-1A, (*B*) TIMP1, and (*C*) α-SMA was determined. The data are represented as means ± SEM, N = 5--7, where \**P* ≤ .05 and \*\**P* ≤ .01 (unpaired *t* test). (*D*) LX2 cells were cultured for 6 days as described earlier and intracellular α-SMA levels were determined by flow cytometry. The representative histogram depicts the expression of α-SMA in LX2 cells treated with Mo-Huh7.5/JFH-1 co-culture supernatants and TGF-β--treated LX2 cells. LX2 cells were cultured in the presence of control IgG1 or neutralizing anti--TGF-β antibody under similar conditions as described earlier for 6 days and the relative mRNA expression of (*E*) COL-1A, (*F*) TIMP1, and (*G*) α-SMA was measured. (*H*) α-SMA protein levels also were determined by flow cytometry and a representative histogram is shown for the LX2 cells treated with Mo-Huh7.5/JFH-1 supernatants in the presence of anti--TGF-β neutralizing antibodies and control IgG1. (*E*--*G*) The data are representative of means ± SEM, N = 4, where \**P* ≤ .05, \*\**P* ≤ .01, and \*\*\*\**P* ≤ .0001 (2-way analysis of variance). (*D* and *H*) Data are representative of 2 independent experiments.](gr4){#fig4}

![**Cell-free HCV induces monocyte differentiation.** Monocytes were cultured in the presence of macrophage colony--stimulating factor (M-CSF), Huh7.5 culture supernatant concentrate, or HCV concentrate for 7 days and immunostained for (*A*) CD14, (*B*) CD68, (*C*) CD206, and (*D*) CD163. (*E*) TNFα, (*F*) IL1β, (*G*) IL10, and (*H*) TGF-β levels were measured on days 3, 5, and 7 by enzyme-linked immunosorbent assay from culture supernatant. The data are represented as means ± SEM, N = 4--6, \**P* ≤ .05, \*\**P* ≤ .01, \*\*\**P* ≤ .001.](gr5){#fig5}

![**M2 macrophage markers are up-regulated on circulating monocytes and liver during chronic HCV infection.** (*A*) CD14^+^ monocytes from controls and HCV-infected patients were immunophenotyped by flow cytometry and the percentage of cells expressing CD40, CD86, CD206, and CD163 markers are shown. The data are represented as means ± SEM (controls, N = 7; HCV, N = 11). (*B*) Correlation analysis of the percentage of CD14^+^CD206^+^ circulating monocytes and the fibrosis stage is shown (HCV, N = 26). The statistical analysis was performed using Spearman correlation. (*C*) mRNA expression of CD206, IL10, and TGF-β, and (*D*) CD68, TNFα, and IL1β were determined in liver biopsy specimens from controls or HCV-infected patients by real-time polymerase chain reaction. The data are represented as means ± SEM (controls, N = 10--11; HCV, N = 12). The *P* value was determined by unpaired *t* test. (*E* and *F*) Protein level expression of CD68 and CD206 in the liver of control and HCV-infected patients is shown. Western blot showing the expression of CD68 with digital imaging at higher exposure for liver samples (controls, N = 3; HCV, N = 3). β-actin was used as the loading control. The *bar graph* shows the fold-change in CD68 or CD206 levels as compared with β-actin (controls, N = 6; HCV, N = 6). The *P* value was determined by an unpaired *t* test. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.](gr6){#fig6}

![**Collagen-expressing monocytes showing M2 phenotype identified in HCV-infected patients.** (*A*) Isolated monocytes from healthy donors were co-cultured with Huh7.5 or Huh7.5/JFH-1 cells for 8 days. mRNA levels of COL-1A were measured by real-time polymerase chain reaction. The data are represented as means ± SEM, n = 3 experiments. (*B*) PBMCs were isolated from healthy donors (N = 2) and HCV-infected patients (N = 6), and mRNA levels of COL-1A were measured. (*C*--*G*) Isolated monocytes from healthy donors (N = 5) and HCV-infected patients (N = 10) were immunostained with antibodies against CD14, CD45, and CD206. Cells were fixed and permeabilized to stain with pro-col-1α antibody. Expression of these markers was studied by flow cytometry and Amnis Flowsight. (*C*) Frequency of CD14^+^ Pro-Col1α^+^ in controls and HCV-infected patients was determined. (*D*) Frequency of CD206-expressing CD14^+^ Pro-Col1α^+^ cells in controls and HCV-infected patients was measured. (*E*) Frequency of CD206^+^CD14^+^ Pro-Col1α^+^ cells in circulation. *P* value was determined by unpaired *t* test. (*F*--*I*) Confocal images of monocytes expressing CD14 (yellow), pro-Col1α (green), CD45 (pink), CD206 (red), and 4′,6-diamidino-2-phenylindole (DAPI) (purple) staining for nucleus is shown (original magnification, ×20) for 3 representative healthy donors and 4 representative HCV-infected patients. (*G*) Representative *dot plots* for the circulating monocytes expressing CD206 and proCol1-α is shown for a healthy control and HCV-infected patient. (*H*) Co-localization of CD14 (yellow) and pro-Col1α (green) (original magnification, ×20) is shown for healthy controls (N = 2) and HCV-infected patients (N = 2). (*I*) Co-localization of CD14 (yellow), CD206 (red), and pro-Col1α (green) (original magnification, ×20) for 2 representative healthy donors and HCV-infected subjects (N = 2) have been shown.](gr7){#fig7}

[^1]: NOTE. The HCV genotype, viral load, and the fibrosis stage are shown for the HCV-infected patients who had a liver biopsy. Metavir scoring was used for fibrosis scoring. The fibrosis was graded on a 5-point scale from 0 to 4. Fibrosis scores were as follows: F0, no fibrosis; F1, portal fibrosis without septa; F2, portal fibrosis with few septa; F3, numerous septa without cirrhosis; and F4, cirrhosis. NA, not available.

[^2]: NOTE. The HCV genotype, viral load, and the fibrosis stage are shown for the HCV-infected patients who provided blood samples for the study. Metavir scoring was used for fibrosis scoring. The fibrosis was graded on a 5-point scale from 0 to 4. Fibrosis scores were as follows: F0, no fibrosis; F1, portal fibrosis without septa; F2, portal fibrosis with few septa; F3, numerous septa without cirrhosis; and F4, cirrhosis. NA, not available.

[^3]: NOTE. The forward and reverse primer sequences used for real-time polymerase chain reaction assay in the study are shown.
